INTRODUCTION
The present work deals with the combination which takes place, between manganous ions and certain proteins, amino acids, and related compounds. It is a continuation of similar work dealing with certain of the other inorganic elements which has been carried out in this laboratory (1) . For the purpose of this discussion, the term, "metallic complex," refers to that class of chemical compounds which are formed (a) between a positively charged metallic ion and either a negatively charged inorganic or organic ion to produce (b) a compound which is soluble in aqueous solution in which (c) the activity of the metallic ion is reduced and (d) in which the charge carried by the compound so formed may be equal to, or, in most cases, is different from, that of the constituent metallic element either in sign or in magnitude. The wide occurrence of manganese in biological substances (2) makes this study of timely interest.
Bivalent manganese is known to form complex ions with cyanides and pyrophosphoric acid (3) . It also forms a series of relatively stable coordination compounds with ammonia and with water (4) . The resemblance of the electronic structure of manganous ion to that of ferric ion, which forms complex ions with certain proteins, amino acids, and related compounds (1) , leads one to expect that, under suitable conditions, it, too, will form complex ions with these substances.
Distribution Experiments
Three procedures have been followed. The first consists in determining colorimetrically the relative concentration of manganous ions in the presence of the substance being tested for its ability to form complex ions. For this purpose the color which is produced in a chloroform solution of isonitrosoacetophenone, when shaken with an aqueous phase containing manganous ions and the test substance, was utilized. The aqueous solution was adjusted to pH 9.25 by means of a borate buffer. The two phases were shaken for 20 minutes. Tests showed that equilibrium was attained within 10 minutes. The color of the chloroform solution was then compared with the color of a similar solution treated under identical conditions with omission of the test substance from the system. In the event that a complex was formed between the manganous ions and the substance under test, a decrease in the color of the chloroform solution should be noted. Experiments showed that when light was passed through the chloroform solution of manganous oxime, Beer's law was not obeyed exactly, but to a degree which made the method of color comparison nevertheless usable for comparative purposes. The data obtained by the colorimetric method are semiquantitative and are therefore comparative rather than absolute.
The validity of the distribution experiments depends upon sound theoretical considerations. In the aqueous phase, A, (Mn ++, HBO~, Na +, BOz-, X--, where X--represents the substance under test), the following equilibria exist: Mn ++ + X--~ Mn X (complex)
In the chloroform phase, C, (Mn ++, Mn(Ox)~, Ox-, where Ox represents isonitrosoacetophenone), the significant equilibrium is
Between the two phases there exists the significant equilibrium in the case of manganous ions:
At equilibrium the fugacity of Mn ++ in phase A is equal to the fugacity of Mn ++ in C. As the concentration of X--in A is increased, equilibrium (b) is shifted in favor of MnX with the result that equilibrium (d) is shifted towards the left and this in turn leads to a like shift in equilibrium (c).
The resulting decrease in the concentration of Mn(Ox)2 is measured colorimetrically. X--(as in a chloroform) must be very large. wherein the distribution ratio favors greatly the chloroform phase.
The relation between the concentration of Mn ++ in the borate buffer and the chloroform solution of oxime can be strictly linear only if (1) the extracting medium is constant and therefore always contains the oxime in large excess, and (2) a small amount only of the total Mn ++ is removed from the aqueous phase, or (3) the complex in the chloroform layer is very stable and all of the Mn ++ is extracted. In the latter case, the color intensity would not change with the concentration of oxime above a minimum value which it seems to do. It must therefore be assumed that in the chloroform layer, equilibrium (c) favors largely the dissociated form. To the extent that the manganous oxime complex is proportional to the Mn ++ activity in the aqueous phase, Ox-must be practically constant. The closely linear relation of "bound" Mn to the amount of X--added, as will be shown later (see graphs) to be present in most instances, implies that the complex formed with X--is very stable compared to the water or borate compounds of manganese which, in turn, are very stable compared to the oxlme complex.
The following experiment was devised in order to determine whether the Mn(Ox)2 is dissociated to any appreciable extent. Orthophosphoric and malic acids were used as test substances. In the standard distribution procedure, the initial concentration of oxime in the chloroform layer was arbitrarily and progressively decreased in order to determine the minimum concentration of oxime which permitted the detection of differences in the amount of colored complex formed in the chloroform phase due to differences in the concentration of the test substance in the aqueous phase. This is the concentration at which Mn(Ox)~ is dissociated to the extent that the influence of complexforming ions in the aqueous phase competing for Mn ++ is not detectable and therefore a measure of the relative degree of the dissociation of Mn(0x)~. In the case of the above acids, the limiting concentration of oxime was obtained at 3.0 and 2.4 dilutions respectively of the chloroform phase. This implies that Mn(Ox)~ is appreciably dissociated by the competing equilibrium in the aqueous phase.
If MnX in the aqueous phase is largely undissociated in comparison to Mn(Ox)~ in the chloroform phase, then when the aqueous phase is reextracted with fresh portions of the oxime reagent, appreciable amounts of Mn ++ should be successively extracted. The number of extractions in which Mn can be detected in the chloroform phase will be proportional to the amount of Mn "bound" in the form of MnX. Experiments in which orthophosphoric and malic acid were used as test substances showed that manganese could still be extracted with the oxime reagent after six and four extractions, respectively.
The presence of the borate buffer in the system for purposes of preventing pH changes presented the possibility that it might react with the polyhydric acids under test and thus prevent the latter substances from forming complexes with manganous ions. It is very probable that borates react with polyhydric alcohols and sugars. This leads to an increase in the acidity of the solution. However, the change in pH did not exceed 0.15 when mucic acid, in the concentrations used, was added to the buffer system. Moreover, Mn(OH)2 was precipitated from its solution in the buffer on addition of a sufficient amount of alkali. These facts, together with the fact that the amount of color obtained in the chloroform phase varied with the amount of the complex-forming substance added, indicated that the borate buffer was not a disturbing influence in the distribution experiments.
The results of the distribution experiments are represented graphically in Figs. 1 to 7. It is evident from Fig. 1 that the hydroxy-carboxylic acids (lactic, hydracrylic, mandelic, glycollic) markedly affect the color of the chloroform phase, whereas the unsubstituted acid, propionic, exerts a much smaller influence. The dicarboxylic adds, oxalic, malonic, succinic, adipic, and glutaric (Fig. 2) , show a pronounced effect. The acids having the shorter chains are the more effective. When one or more hydroxy groups are present in the di-or tricarboxylic acid (Fig. 3) , the effect is usually greater than in the unsubstituted acid. Sulfuric acid, the several phosphoric acids, and potassium cyanide (Fig. 4) also reduce the color of the chloroform phase. Aspartic and glutamic acid show a decided influence, while Hg. (Fig. 6 ) is greater than their component amino acids, while glycylglycine shows no effect. Thymus nucleic acid, gelatin, edestin, and casein ( Fig. 7) show evidence of forming complexes with manganous ions.
Migration Experiments
Migration experiments were used as the second criterion to determine complex formation. For this purpose, the pH of the solution of the test substance was adjusted a little more alkaline than finally desired, the manganous chloride was added, and any small amount of precipitate, if formed, was filtered off. Excess amount of manganous chloride beyond that required for the complex was avoided. The solution was subjected to migration in a 3 compartment cell using platinum wires as electrodes. Due to the pH of the solutions em- ployed, quantitative transference experiments could not be carried out. Manganese was estimated colorimetrically after removal of organic matter and subsequent wet oxidation to permanganate by means of ammonium persulfate in the presence of silver ion.
The data are presented in Table I . The experiments with lactic acid show that at pH 2.8, manganese is mostly cationic. At pH 6.7, the relative amount of cationic manganese is decreased. In the case of oxalic and malonic acid, manganese migrates to the anode when the solutions are alkaline, and to the cathode at the respective acidities given. At pH 7.1, manganese in the presence of succinic acid is pI ' I 7t" anionic. Manganese is anionic in the presence of citrates or tartrates at or above pH 7.8, while at about pH 2.5, in the presence of tartaric acid, it is cationic. In the presence of orthophosphoric acid, manganese is anionic at pH 8.0. At pH 7.6, this is also the case when giycerophosphates are present in the solution. In solutions of glutamic and aspartic acids at p H 4.6 and 4.1 respectively, manganese is cationic, whereas at about p H 9.0, it is anionic. The direction of migration of manganese in the presence of casein also depends on the p H of the solution. 
Anomalous Titration
The third criterion for complex formation was the anomalous behavior of certain organic acids whe n titrated with alkali in the presence of manganous ions. Similar work was carried out on magnesium by Z6rkend6rfer (5) and on iron and copper compounds by Smythe (6).
The titration curves were carried out with the aid of the glass electrode in a closed system after removal of oxygen by means of a constant stream of purified hydrogen. The titrations were carried out on portions of the same solution with and without manganous chloride. The concentrations of the reagents were essentially the same as given by Smythe (6) . The data are represented graphically in Figs. 8 to 12.
It will be noted that in most cases the mixtures of organic acids and manganous chloride are more acid than the organic acid itself. That this effect is not more pronounced is due probably to the relative basicity of the manganous ions. The results are interpreted as indicating that the manganese-containing complex is a stronger acid than the original organic acid added. In the case of lactic acid, the P" L alous effect is greater in the case of the dienolic (catecholsulfonic) acid than when the phenolsulfonic acid is present. In the absence of oxygen, manganous hydroxide precipitates from a dilute solution of manganous chloride when the p H is adjusted to 9.0. In the presence of citrate, tartrate, and catecholsulfonate ions, precipitation does not occur even at pH 10.6. When one considers that the solubility product of manganous hydroxide is of the order of 4 X 10-'% it is evident that the activity of the manganous ions is markedly decreased by the presence of these ions. The curves for oxalic acid are complicated by the precipitation of manganous oxalate in the region of pH 2.5-9.7. Above pH 9.7, manganous hydroxide is formed. It is to be observed that the portion of the curve which corresponds to the second dissociation constant of oxalic acid lies in a more acid region when manganese is present than in its absence. If the formation of the complexes did not take place, it would be expected that manganous chloride like sodium chloride would decrease rather than increase the activity of the hydrogen ions of an acid like tartaric; however, this is not the case. DISCUSSION
On the basis of the Latimer and Porter (7) Since the migration experiments indicate that manganese is cationic in the presence of lactic acid at pH 6.7, formula (a) or (b) is to be preferred. Since the negative charge on the carboxyl group at this pH is greater than the residual negative charge on the hydroxyl group, it is not reasonable to assume that manganese would be attached to lactic acid exclusively by means of the attraction of the residual negative charge on the hydroxyl group in preference to that of the strongly negatively charged carboxyl group. If formula (c) were correct, then it would be expected that manganese would be anionic at pH 6.7.
If the monocarboxylic amino acids exist in the classical form, the residual charge on the nitrogen is -0.11. Some complex formation with manganese should take place. If they exist wholly as zwitter ions, the residual charge is +0.89 and no effect would be shown. The available evidence indicates that there is an equilibrium between the two forms (8) . Since it appears probable that under the conditions of the present experiments a portion of the amino acids tested exists in solution in the classical form, it is not at all unexpected to find that the monocarboxylic amino acids tested showed a slight tendency to form complexes with manganese.
In the case of oxalic, malonic, succinic, and glutaric acids, the data indicate that their relative ability to form complexes is in the order given. In each of these acids one carboxyl group furnishes the bond, the other furnishes the additional attraction. Within lower pH ranges, equimolar solutions at the same pH differ only in the concentration of the carboxyl group which furnished the bond. In solutions of pH 9.25 the first carboxyl group of oxalic and of malonic acid is completely ionized. The second dissociation constant of oxalic acid is greater than that of malonic acid. The strength of this carboxyl group determines the amount of additional attraction and hence the amount of manganese complex which is formed.
The following structural possibilities could exist in the case of the dicarboxylic acids: (2) . In solutions whose pH is greater than 6.0, formula (b) is the more plausible. Formula (c) is a special case of (b). Formula (d) represents a neutral molecule. It does not account for the fact that manganese is cationic at pH 5.9 and anionic at pH 9.1. The first three formulas are in agreement with the facts. If carboxyl group (2) ionizes, then manganese is anionic. If the pH of the solution is such as to repress the ionization of group (2), then the manganese which will migrate under the influence of a direct current is that which, on dissociation, will carry a positive charge.
The dicarboxylic amino acids react with manganous ions at pH 9 in a manner analogous to that of the unsubstituted dicarboxylic acids. The effect, as in the case of the latter compounds, depends upon the presence of the two free carboxyl groups in the molecule.
If, in addition to the carboxyl groups, one or more hydroxyl groups are present in the molecule to furnish additional attraction, conditions are particularly favorable for the formation of manganous complexes having a low degree of dissociation. This is borne out in the experiments with tartaric, saccharic, and citric acids. The following J structural possibilities present themselves in the case of tartaric acid: 
Formula (b) is not tenable since it represents a neutral molecule and does not explain the fact that at pH 7.8 manganese is anionic in the presence of tartaric acid. Due to the proximity of the two carboxyl groups, the hydroxyl groups of tartaric acid are more negative and more ionized than otherwise would be the case. Each hydroxyl group would not be expected to exhibit a negative charge comparable to that carried by an ionized carboxyl group; at least, not to the extent as to make formula (d) preferable to (a). The migration data do not enable a differentiation to be made between formulas (a) and (c). Formula (a) is to be preferred. It is more likely that manganese will be attached to the carboxyl group by a valence bond since this group is more negative than either of the hydroxyl groups of tartaric acid.
The object of the experiments which were carried oat on the series of enol compounds was to determine whether the enol group, in conjunction with the sulfonic acid group which furnishes the bond, might yield the additional attraction which is necessary for the formation of manganous complexes. Calculation on the basis of residual valence of the oxygen atom in an undissociated enol group yields a value of -0.2, the same as in the case of an hydroxyl group. If, however, the hydrogen atom of the enol group is dissociated as an ion, the residual valence of the oxygen atom is -1.2. At higher pH values, the equilibrium between manganous ion" and manganous complex should be shifted in favor of the complex. The titration curves of aminophenoland of catecholsulfonic acids in the presence of manganous chloride and the migration data with phenolsulfonic acid confirm this prediction. The attraction for manganous ions is increased by the presence of 2 enol groups as in catecholsulfonic acid.
At pH 9.25, the di-and polypeptides studied form complexes with manganous ions to an appreciable extent, whereas, glycine anhydride does not. The difference in behavior is due to the presence of the free carboxyl group in each of the former compounds which furnishes the bond. The enol group of the peptid group furnishes the necessary additional attraction.
It should be pointed out that this additional attraction is not merely a matter of charge. In chloracetic acid the chlorine atom possesses a residual negative charge and yet this compound does not form complexes with manganous ions. It is to be expected that the chlorine atom would be less effective than negative nitrogen or oxygen since it possesses a kernel charge of 7 in contrast to 5 and 6 respectively for the other two. The greater positive kernel charge will offer greater repulsion to the approach of a positive charged ion. This is in agreement with the fact that nitrogen and oxygen form onium compounds more readily than does chlorine.
The general considerations given above can be applied to the complexes which are formed between proteins and manganous ions. The assumption is made that the amount of manganese which combines with the free carboxyl groups in the protein molecule is the same irrespective of whether the amino acid which furnishes this group is in the free state or is combined as in the protein molecule. This assumption was also made by Smythe and Schmidt (1). The additional attraction which is necessary for complex formation is probably furnished by the enol group of tyrosine (when present) and the enol groups of the peptid linkages. The effect due to this attraction cannot be calculated quantitatively. Qualitatively there is a correlation between the number of free carboxyl and phosphoric acid groups present in the three proteins studied and the amount of manganese which, under the conditions of the present experiments, was combined with the proteins. The number of these free groups, as moles per 100 gm., are, in the case of casein, 0.174; in edestin, 0.073; and in gelatin, 0.041. According to the data represented in Fig. 7 , the maximum amounts bound by these proteins are approximately in this ratio. SUMMARY 1. A study of the mode of combination which takes place between certain amino acids, proteins, various carboxylic acids, and certain sulfonic acids and manganous ions to form complexes is reported.
2. Three criteria for complex formation were used: (a) the equilibrium between the substance under test and manganous ions dissolved
